Introduction
============

Hearing loss is a highly prevalent chronic disability among older adults. Two-thirds of adults aged 70 years or older have clinically meaningful hearing loss.[@b1-cia-14-123] Age-related hearing loss is associated with permanent damage at the cellular level of the auditory system. This is not correctable by either surgical or pharmacologic interventions.

Recent studies have demonstrated an association between age-related hearing loss and difficulties in understanding speech,[@b2-cia-14-123] cognitive decline and incident dementia.[@b3-cia-14-123] The mechanisms by which hearing loss may impact cognition are thought to be associated with increased cognitive load, changes in brain structure, decreased social engagement and depression.[@b4-cia-14-123] Research suggests that hearing loss increases the cognitive load on brain activity by diverting cognitive resources to process the degraded auditory signal, at the expense of other cognitive processes such as working memory.[@b5-cia-14-123] Studies have shown that among adults with hearing impairments, a greater number of depressive symptoms are associated with cognitive and concentration disorders, which may be improved by hearing aids.[@b6-cia-14-123] Better understanding of the etiology behind the connection between hearing loss and cognitive decline could help lead to interventions that preserve cognitive function in hearing loss patients, and hence the need for studies such as this.

The current gold standard in addressing hearing loss is amplification by hearing aids, which involves restoring the audibility of sounds in order to improve speech perception.[@b7-cia-14-123] Despite known consequences of hearing loss and significant advances in hearing aid technology, only 14% of US adults over the age of 50 years who might benefit from hearing aids actually use them.[@b8-cia-14-123] Lack of access, stigmatization, difficulty in managing hearing aids and/or an underestimation of hearing aid benefit may contribute to low adoption rates for hearing aids.[@b9-cia-14-123] Also, hearing aids alone often do not overcome all adverse listening environments and first-time hearing aid users require substantial counseling and auditory training in order to ensure that they make the best use of their hearing aids.[@b10-cia-14-123] In addition, few studies have provided methodologically rigorous evidence that hearing aids improve health outcomes such as cognition in older adults.[@b11-cia-14-123]

Auditory training is the use of instruction, drill or practice, designed to increase the amount of information that hearing contributes to a person's total perception.[@b12-cia-14-123] Although studies have shown that auditory training results in improvements in the understanding of speech-in-noise, it is not commonly recommended to adults with hearing loss. These studies have shown that auditory training improves communication outcomes for first-time hearing aid users by optimizing acclimatization to the new auditory cues provided by hearing aids in adverse listening conditions.[@b13-cia-14-123],[@b14-cia-14-123]

However, despite this evidence, auditory training is rarely provided in conjunction with hearing aid fitting, possibly due to the lack of reimbursement for providers, and no previous studies have investigated the effect of hearing aids in conjunction with auditory training on health outcomes such as cognition. The aim of this study was to examine the efficacy of the simultaneous use of hearing aids and individualized face-to-face auditory training for improving cognition, social interaction and depressive symptoms for first-time hearing aid users. Exploratory analyses also investigated the mediating role of a web-based speech perception test (SPT).

Participants and methods
========================

Design
------

This study was a randomized crossover pilot study of 40 men and women with mild--to-moderate sensorineural hearing loss (SNHL). Participants were recruited from eight independent living retirement facilities and surrounding communities across Melbourne, Australia. The complete study protocol is described elsewhere.[@b15-cia-14-123]

Study eligibility criteria specified adults aged between 50 and 90 years, with bilateral symmetric SNHL in the mild to moderate range based on a pure tone average of 25 dB hearing loss (HL) to 70 dB HL. Also, participants needed to be proficient in English, to have never worn hearing aids before and to express willingness to wear hearing aids for 3 months and attend weekly auditory training for 6 months. Exclusion criteria included suspected cognitive impairment as defined by a score ≤24 on the mini-mental state examination questionnaire, and uncorrected visual impairment and/or color blindness as required by the Swinburne University Computerized Cognitive Assessment Battery (SUCCAB) test. This study was conducted in compliance with the Swinburne's Human Research Ethics Committee requirements (SHR Project 2016/159) and was registered at [ClinicalTrials.gov](http://ClinicalTrials.gov) as NCT03112850. The study was performed in accordance with the principles stated in the Declaration of Helsinki.[@b16-cia-14-123] All participants provided written informed consent prior to commencement of the study.

Enrolled participants completed an individualized in-person auditory training program for a period of 6 months and were randomly allocated into two groups of equal size (n=20 per group) as follows: Participants fit with hearing aids only for the first 3 months of the auditory training program were assigned to Group A.Participants fit with hearing aids only for the last 3 months of the auditory training program were assigned to Group B.

The hearing intervention included intensive weekly auditory training for a period of 6 months with the wearing of hearing aids for either the first 3 months or the last 3 months of the auditory training program. Participants were tested at baseline and at 3 and 6 months in terms of cognition, depressive symptoms, social interaction and hearing satisfaction.

Intervention
------------

### Hearing aid fitting

Participants were provided with bilateral Blamey Saunders LOF (originally known as Liberty Open-Fit) hearing aids by the study audiologist. Hearing aids were adjusted and customized according to the Blamey and Saunders best-practice protocol. The study audiologist provided an oral explanation on how to use the hearing aids, and a step-by-step guide on hearing aid use was provided to the participants as take-home reading. To increase hearing aid compliance and to manage the expectations as needed, counseling support was provided to the participants at weekly auditory training sessions. An automatic Internet-based data logging function installed in the hearing aids was used to assess hours of hearing aid use over the 3-month period of hearing aid use.

### Auditory training

Study participants received weekly face-to-face auditory training sessions of Continuous Discourse Speech Tracking.[@b17-cia-14-123] In this process, a trained study member read a novel/short story and the participant was instructed to repeat back verbatim each sentence or phrase. If the repetition was correct, the researcher articulated the next phrase or sentence. If the repetition was incorrect, the researcher repeated the phrase or sentence, or a portion of it, or used other repair strategies, until the sentence or phrase was correctly repeated in its entirety. Training materials were tailored to the personal interests of participants. Each training session lasted for 15 minutes.

Outcome measures
----------------

### Blamey Saunders SPT

In addition to the standard audiogram, we used a web-based SPT to measure hearing loss, with and without hearing aids. The SPT is a monosyllabic word test that generates a display of information transmission for 50 vowels and 100 consonants in order to characterize the shape and degree of hearing loss, analogously to an audiogram.[@b18-cia-14-123],[@b19-cia-14-123] The SPT is similar to consonant--vowel nucleus--consonant word tests that has been used previously for various speech recognition tests.[@b20-cia-14-123],[@b21-cia-14-123] The SPT consists of the following: 50 consonant-- vowel--consonant words designed for use in any reasonably quiet environment, presented at a "comfortable level" of 65 dB; Australian English spoken by a native Australian female speaker; one list of words (in a random order) randomly chosen from 32 phonetically balanced lists of words; responses typed by the listener; automatic analysis and reporting of word consonant and vowel scores. The SPT score used for this study was the phoneme score -- the total number of correctly identified vowels and consonants. Higher SPT scores suggest better hearing.

Participants completed the SPT without hearing aids at baseline, after 3 months and then at 6 months. The SPT was also performed with hearing aids immediately after the participants were fitted with hearing aids for the first time, and at the end of 3 months of auditory training while wearing a hearing aid.

### Subjective assessments of hearing

For subjective assessments of hearing (with or without hearing aids), the Abbreviated Profile of Hearing Aid Benefit (APHAB) was used. Participants answered the APHAB at baseline, after 3 months and after 6 months, and we used the APHAB[@b22-cia-14-123] to assess the following different listening situations in daily life, without hearing aids and with hearing aids when relevant: Ease of Communication (EC), Background Noise (BN), Reverberation of sound (RV), such as listening to sounds across a large room and Aversiveness of sound (AV), which measures uncomfortable loudness of background sounds such as traffic and alarm bells. We expected that participants with worse hearing would score higher on all four subscales at baseline, but would improve due to hearing and auditory interventions.

Using a 7-point scale, respondents indicated how often the statement was true for them. Each point on the scale provided a descriptor and an associated percentage of time, with higher scores indicating more of a problem: AAlways99%BAlmost always87%CGenerally75%DHalf the time50%EOccasionally25%FSeldom12%GNever1%

### Speech tracking rates from auditory training

To analyze our speech tracking rates from the auditory training, we used the following "learning and forgetting" mathematical model as described by Blamey and Alcantara:[@b12-cia-14-123] $$R(t) = \frac{1 - \exp( - f(t - T))}{L/f}$$where *R*(*t*) = tracking rate in words per minute at time *t*;*L* = learning rate per week, that is, the increase in speech tracking rate after 1 week of auditory training;*f* = forgetting rate per week, that is, the reduction in speech tracking rate in between speech tracking sessions;*t* is time in weeks, *t*\>0 and*T* is a constant.

The parameters *L*, *f* and *T* were estimated for each group over both 3-month periods separately. The *L* and *f* parameter estimates are valid measures of learning and forgetting cognitive processes, which may be affected by the use of hearing aids and/or auditory training.

Research in auditory training has shown that the amount of training, the amount of learning, the generalization of skills (whether auditory training will improve communication in real-life situations as well as under artificial test conditions) and the degree of retention of skills are all interrelated.[@b12-cia-14-123] Therefore, a mathematical formula was helpful for tracking improvements in auditory training over time.

### Cognitive assessments -- SUCCAB

The SUCCAB assessed eight cognitive domains (Simple and Complex Reaction Times, Immediate and Delayed Recognition, Congruent and Incongruent Stroop, Spatial Working Memory and Contextual Memory).[@b23-cia-14-123] Computerized measures provided consistency in measurement across participants and a more automated approach in analysis.

A performance score for each task was calculated as the ratio of accuracy and reaction time. This approach took into account variations in accuracy and response time, allowing for speed vs accuracy trade-offs in performance. Some of these tests require the identification of colors, hence the need for color blindness as an exclusion criterion for this trial. We expected that participants with better hearing would have better cognition scores at baseline.

### Psychosocial assessments (depressive symptoms and social interaction)

The short form of the Geriatric Depression Scale (GDS)[@b24-cia-14-123] was used for measuring depressive symptoms. The GDS has been found to be a reliable and valid measure of depressive symptoms[@b25-cia-14-123] and to be highly correlated with other measures of such symptoms. The GDS was designed for older adults. Items are scored dichotomously (respondents answer "Yes" or "No" to five items). Items assess non-somatic aspects of depression, thus allowing for discrimination between respondents with depressive symptom and those with medical problems. Higher scores (a score above 5) are suggestive of depression.

We used the Berkman--Syme Social Network Index[@b26-cia-14-123] to assess participants' social interaction and connections with families and friends. Twelve types of social relationships were assessed, namely, relationships with the spouse, parents, parents-in-law, children, other close family members, close neighbors, friends, workmates, schoolmates, fellow volunteers, members of groups without religious affiliation and religious groups. We expected that people with better hearing will have higher Berkman--Syme Social Network Index scores at baseline.

Statistical analyses
--------------------

The two participant groups were compared in terms of demographic factors and baseline values using chi-squared and independent samples *t*-tests, with tests for correlations between the outcome measures and age at baseline. Square root transformations were applied where necessary.

Second, structural equation modeling was used to examine the relationships among hearing loss, speech perception and cognition. Fitting the structural model using maximum likelihood estimation, goodness of fit was evaluated using a chi-squared goodness of fit statistic.

Thirdly, separately for each group, we reported the objective and perceived benefit of hearing aids for the 3-month period of hearing aid usage, using paired *t*-tests to evaluate the significance of any improvement in terms of hearing satisfaction and SPT.

Fourthly, we compared speech tracking learning curves for groups A and B separately for the first 3 months and the last 3 months, in order to monitor the effects of the auditory training over time, with and without hearing aids.

Finally, a mixed model analysis was performed for our crossover design to determine whether hearing aids had any significant effect on cognition and psychosocial function over and above auditory training, and to establish the significance of any period or carryover effects.

Results
=======

Participants
------------

From December 2016 to March 2017, 84 individuals were screened for eligibility. Of these, 54 (64.3%) participants were recruited from independent living retirement villages, while 30 (35.7%) participants were from surrounding communities. After screening, 40 participants were found to be ineligible and 4 did not want to either wear hearing aids or undergo auditory training and, therefore, declined to participate in the study. The remaining 40 participants were randomly allocated -- 20 to Group A and 20 to Group B.

Out of the 40 participants, 21 (52.5%) had mild symmetric SNHL (between 21 and 40 dB) and 19 (47.5%) had moderate symmetric SNHL (between 41 and 70 dB). There were no significant differences between the groups at baseline; however, moderate to large effect sizes (Cohen's *d*) are indicated for Contextual Recognition Memory and Aversiveness of sound (see [Table S1](#SD1-cia-14-123){ref-type="supplementary-material"} for baseline characteristics).

Effects of hearing loss on cognition
------------------------------------

[Table 1](#t1-cia-14-123){ref-type="table"} shows the relationship between all the cognitive and psychosocial measures, the APHAB measures (without hearing aids), with age, hearing loss and speech perception (without hearing aids), demonstrating several significant correlations with SPT results at baseline. In particular, as expected, there was a strong negative correlation between SPT and hearing loss and significant negative correlations of moderate size between age and cognition.

Also, as expected, there were significant, but weaker negative correlations between SPT and the APHAB hearing problems. Contrary to expectation, there was only one significant correlation between hearing loss and cognition (Incongruent Stroop) and one significant correlation between hearing loss and problems identified with hearing (Ease of Communication). No significant correlations were observed for social interaction or depression.

Due to the negative effect of hearing loss on speech perception, we further investigated the mediating role of speech perception on cognition at baseline.

[Figure 1](#f1-cia-14-123){ref-type="fig"} illustrates the association between hearing loss, unaided speech perception and cognition, providing a good fit for the data (*χ*^2^=40.67, *df*=35, *P*=0.235). In this model, cognition is measured as a latent variable and, although it is assumed that SPT and cognition are correlated, no assumption about the direction of this relationship is made.

Effects of hearing aid use and auditory training on cognition
-------------------------------------------------------------

### Assessment of outcome of hearing aids

The average daily hearing aid use for Group A and Group B as measured through objective data logged by the hearing aid for the 3-month period (when hearing aids were first fitted) was 4.6 and 5.25 hours, respectively. However, there was a high proportion of missing data for this variable, making these results unreliable.

SPTs were performed immediately after hearing aid fitting and again at the end of 3 months of auditory training and hearing aid usage (\#). The results showed no significant change for Group A or Group B (see [Table 2](#t2-cia-14-123){ref-type="table"}). However, when we compared SPT results without wearing hearing aids before and after 3 months of auditory training and hearing aid usage (@), there was a significant improvement for Group A and nearly a significant improvement for Group B.

Finally, we compared the SPT results without hearing aids and immediately after hearing aid fitting (see [Table S2](#SD2-cia-14-123){ref-type="supplementary-material"} for the outcome of perceived hearing aid benefit). Interestingly, there was a significant immediate improvement when hearing aids were first fitted for Group A, which was nearly significant for Group B. However, when the hearing aids were finally removed, at 3 months for Group A and at 6 months for Group B, the SPT results showed no significant difference for either group with and without hearing aids. The unaided SPT scores increased during the intervening auditory training period, although not significantly (*P*=0.543 for Group A and *P*=0.064 for Group B), but the aided SPT scores remained fairly constant.

### Effectiveness of auditory training

Fitted learning curves (with and without hearing aids) from the speech tracking are displayed in [Figure 2](#f2-cia-14-123){ref-type="fig"} (see [Table S3](#SD3-cia-14-123){ref-type="supplementary-material"} for the estimated parameters from auditory training). It was expected that it would be easier to learn to do speech tracking when participants used hearing aids than when they did not, and that using hearing aids during the week would mean that forgetting was slower. However, [Figure 2](#f2-cia-14-123){ref-type="fig"} shows similar learning and forgetting rates for Group A and Group B in the first 3 months. For the second 6 months, there was an initial decline for Group A when hearing aids were removed, but this decline was quickly reversed, with similar endpoints achieved for groups A and B.

Crossover analysis for the effects of hearing aids and auditory training
------------------------------------------------------------------------

After the 6-month follow-up period, 9 (22.5%) out of 40 participants withdrew from the study for the following reasons: discomfort after wearing the hearing aids, health issues, personal reasons and inability to attend weekly auditory training sessions. Overall, 17 (85%) participants from Group A and 14 (70%) participants from Group B completed all measures of the study from baseline to 6 months.

The mixed model analysis was, therefore, completed only for participants who did not withdraw from the study, in order to determine whether the hearing aids had a significant effect on cognition, the APHAB measures and the psychosocial measures. In addition, we tested for significant changes between the 3 and 6 months assessments, while controlling for baseline levels. The carryover effect was designed to detect any treatment order effect associated with the hearing aid usage.

We found significant improvements in depressive symptoms from 3 to 6 months with a moderate to large effect size (Cohen's *d*=0.87). In addition, we found a significant deterioration in Aversiveness of sound when hearing aids were worn. A significant carryover effect for delayed recognition memory was also found, invalidating the results for this cognition measure (see [Table S4](#SD4-cia-14-123){ref-type="supplementary-material"} for results of the mixed model crossover analysis).

Discussion
==========

In this pilot study, we demonstrated the relationship between cognition and speech perception. This confirms the results of several empirical studies which have successfully established the link between cognitive abilities and speech recognition performance in first-time hearing aid users.[@b27-cia-14-123] However, only one direct cognition relationship with hearing loss was found, despite a strong relationship between hearing loss and speech perception. The significant correlation between cognition, as measured by the Incongruent Stroop test, and hearing loss needs further investigation. This result may suggest that tests of visual Incongruent Stroop capability could be an important addition to aural rehabilitative assessments.[@b28-cia-14-123]

Second, hearing aid use was associated with improved speech perception, increasing the audibility of sounds. Increases in Aversiveness were also detected, but this was expected.[@b29-cia-14-123] Studies have shown that depression is associated with hearing impairment,[@b30-cia-14-123] and in this pilot study, we found significant improvement in depressive symptoms over the course of the study. This result is consistent with previous studies suggesting that the short-term use of hearing aids reduces depression.[@b6-cia-14-123],[@b31-cia-14-123] Depression is both a risk factor and a prodromal of Alzheimer's disease and is a common occurrence in all types of dementias as well as in mild cognitive impairment.[@b32-cia-14-123] Having depression reduces the quality of life, exacerbates cognitive and functional impairment and is associated with increased mortality.[@b33-cia-14-123] Therefore, our findings suggest that management of hearing loss could improve the life conditions of adults and may reduce the burden associated with dementia.

Third, no evidence was found to suggest that it is easier to learn to do speech tracking when participants use hearing aids than when they do not. Also, data depicted in [Figure 2](#f2-cia-14-123){ref-type="fig"} are similar for both hearing aid users (Group A) and listeners without hearing aids (Group B) during the first 3 months of the auditory training program. This is an unexpected result requiring further investigation. This could imply that, in the first 3 months, all study participants were learning how to do auditory training rather than learning to improve their understanding of speech. Alternatively, it could be that it was learning by the researcher/trainer about how to correct mistakes in the most efficient way during auditory training, which resulted in improved tracking rates for both groups.

Finally, there was no significant improvement in cognition and social interaction over a 6-month period. One interpretation of this result is that hearing treatment may take longer than 6 months to impact cognition.

A limitation of the study was that daily hours of hearing aid usage were not reliably assessed and could not, therefore, be included in the analysis. This was due to hardware and software issues in the data-logging function installed in the hearing aids. This means that it is impossible to determine to what extent participants actually made use of the hearing aids they were given, outside of their auditory training sessions. Also, this study was underpowered, given the small sample size and high attrition rate. Larger research studies, preferably taking brain function into account through neuroimaging, are therefore needed to establish whether any causal association between hearing aid use and cognitive performance exists.

Conclusion
==========

Recognition of hearing loss as a risk factor for dementia is relatively new, and results of cohort studies have suggested that even mild levels of hearing loss increase the long-term risk of cognitive decline and dementia in individuals who are cognitively intact but hearing impaired at baseline.[@b3-cia-14-123],[@b34-cia-14-123],[@b35-cia-14-123] There was no improvement in cognition observed in this study despite the usage of auditory training in addition to hearing aids. However, the baseline results clearly indicated better cognition performance in several domains in the case of participants with better speech perception. The effects of auditory interventions on depression over a 6-month period also showed significant effects in this study.

Given the limitations of this study, including the small sample size, the magnitude of the effects reported here should not be interpreted as would be the case for a fully powered trial.[@b36-cia-14-123] Our baseline results have provided the motivation needed to proceed with a full-scale, randomized hearing loss intervention and a longer neuroimaging study with cognitive outcomes measured in the short term as well as after several years hearing aid use is needed.[@b37-cia-14-123] This may be the first prospective cohort randomized controlled trial to test the neural, cognitive and psychosocial efficacy of hearing aid use in adults with post-lingual SNHL.

In view of the problems encountered with the extraction of logged hearing aid use data in this pilot study, future studies will ensure that participants are instructed to manually record hours of hearing aid use every week, in order to confirm the automatically logged hearing use records. It is also hoped that our planned hearing loss intervention study, which will investigate the long-term impact of hearing aids on cognitive function,[@b37-cia-14-123] will address a further limitation of this pilot study.

Data sharing statement
======================

Following publication, the authors intend to share all of the individual participant de-identified data collected that underlie the results reported in this article, upon request. The de-identified data will be shared with investigators whose proposed use of data has been approved by an independent review committee identified for this purpose. The study protocol will also be made available on request.

Supplementary materials
=======================

[Table S3](#SD3-cia-14-123){ref-type="supplementary-material"} suggests that forgetting and learning rates were significant only for the first 3 months for both groups.

In [Table S4](#SD4-cia-14-123){ref-type="supplementary-material"}, in addition to controlling for baseline outcome measures, we controlled for baseline scores for Contextual Working Memory and SQRT (Aversiveness) because there were large differences between the two groups in these variables at baseline. In addition, age and attrition probability were controlled for, in order to adjust for age effects and any attrition bias. In these analyses, effect sizes (Cohen's *d*) were obtained by dividing the estimated coefficients by the residual SD, as recommended by Feingold.[@b38-cia-14-123]

Confirming the results from [Table 1](#t1-cia-14-123){ref-type="table"}, there was a significant increase in Aversiveness when a hearing aid was worn, with marginal mean values of 4.431 and 5.781 for the two conditions (Cohen's *d*=−1.01). There was a significant decline in delayed recognition memory performance when hearing aids were used (Cohen's *d*=0.95). There was also a narrowly significant carryover effect in the case of delayed recognition memory.

###### 

Baseline characteristics

  Characteristics                                    Group A (n=20)   Group B (n=20)   Total (N=40)   Test statistics   *P*-value                                         Cohen's *d*
  -------------------------------------------------- ---------------- ---------------- -------------- ----------------- ------------------------------------------------- -------------
  Gender, n (%)                                                                                                                                                           
   Male                                              8 (40.0)         11 (55.0)        19 (47.5)      *χ*^2^(1)=0.902   0.342                                             
   Female                                            12 (60.0)        9 (45.0)         21 (52.5)                                                                          
  Age, mean (SD)                                     75.9 (7.9)       76.5 (7.5)       76.2 (7.6)                       0.807                                             −0.08
  MMSE, mean (SD)                                    28.4 (0.7)       28.5 (0.9)       28.5 (0.8)                       0.703                                             −0.12
  Employment status, n (%)                                                                                                                                                
   Employed                                          2 (10.0)         5 (25.0)         7 (17.5)       *χ*^2^(3)=3.273                                                     
   Retired                                           18 (90.0)        15 (75.0)        33 (82.5)                        0.351                                             
  Education, n (%)                                                                                                                                                        
   Primary/secondary/TAFE                            14 (70.0)        13 (65.0)        27 (67.5)      *χ*^2^(7)=4.254   0.750                                             
   University qualification                          6 (30.0)         7 (35.0)         13 (32.5)                                                                          
  Hearing status, n (%)                                                                                                                                                   
   Reported hearing trouble                          18 (90.0)        17 (85.0)        35 (87.5)      *χ*^2^(1)=0.229   0.633                                             
   Reported perceived tinnitus                       9 (45.0)         5 (25.0)         14 (35.0)      *χ*^2^(3)=3.788   0.285                                             
  Hearing loss better ear, mean (SD)                 37.6 (7.6)       39.5 (11.3)      38.5 (9.6)                       0.537                                             −0.20
  Speech perception test, mean (SD)                  119.5 (18.1)     111.2 (22.0)     115.4 (20.3)                     0.200                                             0.41
  SUCCAB performance cognition measures, mean (SD)                                                                                                                        
   Simple Reaction Time                              331.0 (45.4)     333.6 (47.1)     332.3 (45.7)                     0.858                                             −0.06
   Complex Reaction Time                             204.9 (31.0)     203.2 (25.7)     204.1 (28.1)                     0.850                                             0.06
   Immediate Recognition Memory                      67.7 (24.4)      65.2 (18.7)      66.4 (21.5)                      0.723                                             0.12
   Delayed Recognition Memory                        64.8 (21.0)      58.6 (11.6)      61.7 (17.0)                      0.257                                             0.37
   Stroop Congruent                                  116.4 (17.5)     112.2 (19.5)     114.3 (18.4)                     0.479                                             0.23
   Stroop Incongruent                                87.1 (29.1)      85.7 (20.7)      86.4 (24.0)                      0.867                                             0.06
   Spatial Working Memory                            60.5 (21.9)      54.0 (16.6)      57.3 (19.5)                      0.297                                             0.33
   Contextual Recognition Memory                     73.3 (23.9)      59.9 (20.5)      66.6 (23.0)                      0.065                                             0.61
  APHAB, mean (SD)                                                                                                                                                        
   Ease of Communication                             26.0 (19.0)      26.2 (20.2)      26.1 (19.4)                      0.959[a](#tfn6-cia-14-123){ref-type="table-fn"}   0.00
   Effects of Reverberation                          34.2 (12.9)      34.6 (14.0)      34.4 (13.3)                      0.922                                             −0.03
   Effects of Background Noise                       36.4 (13.5)      34.7 (17.0)      35.5 (15.2)                      0.717                                             −0.11
   Aversiveness                                      35.4 (22.5)      22.5 (19.0)      29.0 (25.6)                      0.058[a](#tfn6-cia-14-123){ref-type="table-fn"}   0.64
  Psychosocial measures, mean (SD)                                                                                                                                        
   Depression                                        1.7 (1.8)        1.5 (1.5)        1.6 (1.6)                        0.660[a](#tfn6-cia-14-123){ref-type="table-fn"}   0.01
   Social interaction                                32.5 (11.3)      32.6 (12.6)      32.5 (11.8)                      0.969                                             0.00

**Note:**

Square root transformation.

**Abbreviations:** APHAB, Abbreviated Profile of Hearing Aid Benefit; MMSE, mini-mental state examination; SUCCAB, Swinburne University Computerized Cognitive Assessment Battery; TAFE, Technical and Further Education.

###### 

Outcome of hearing aid benefit with respect to SPT results when HAs were first fitted and when HAs were removed

  Time period   Group A, mean (SD) n=20 at baseline and N=19 at 3 months   Group B, mean (SD) n=14 at 3 and 6 months                                                        
  ------------- ---------------------------------------------------------- ------------------------------------------- ------ ------- -------------- -------------- ------- -------
  Baseline      119.5 (18.1)                                               124.9 (15.3)                                3.03   0.007                                         
  3 months      121.5 (18.4)                                               124.5 (17.2)                                1.32   0.203   119.0 (18.6)   124.0 (16.7)   2.012   0.065
  6 months                                                                                                                            122.9 (17.8)   121.6 (21.8)   0.488   0.634

**Abbreviations:** HA, hearing aid; SPT, speech perception test.

###### 

Estimated parameters (standard errors) derived from speech tracking data

  Condition                        Group A                  Group B                                                  
  -------------------------------- ------------------------ ---------------------------- --------------------------- -------------------------
  Number of sessions per week      First 3 months with HA   Second 3 months without HA   First 3 months without HA   Second 3 months with HA
  Constant (*T*)                   −3.803 (5.22)            −41.78 (56.45)               −3.046 (2.92)               −136.14 (174.6)
  Forgetting rate per week (*f*)   **0.384 (0.212)**        0.041 (0.13)                 **0.412 (0.253)**           0.018 (0.210)
  Learning rate per week (*L*)     **26.351 (14.03)**       3.02 (8.29)                  **28.09 (16.84)**           1.33 (14.35)

**Notes:** Significant forgetting and learning rates in bold. Standard errors for these estimates were obtained using bootstrapped samples.

**Abbreviation:** HA, hearing aid.

###### 

Mixed model crossover analysis

  Outcome measure                         Time effect                                                  Hearing aid effect   Carryover effect HA                                                    
  --------------------------------------- ------------------------------------------------------------ -------------------- ------------------------------------------------------------- -------- --------------------------------------------------------------
  Hearing loss                            −1.493 (2.034)                                               −0.30                2.660 (2.002)                                                 0.54     3.271 (3.747)
  Speech perception test (woHA)           3.423 (3.301)                                                0.43                 −0.738 (3.244)                                                −0.09    −4.018 (6.069)
  SUCCAB performance cognition measures                                                                                                                                                            
   Simple Reaction Time                   2.449 (14.342)                                               0.07                 −9.656 (14.141)                                               −0.28    −13.768 (26.614)
   Complex Reaction Time                  −1.599 (7.483)                                               −0.09                −7.833 (7.390)                                                −0.45    −4.000 (14.090)
   Immediate Recognition Memory           −1.675 (5.606)                                               −0.13                −7.469 (5.522)                                                −0.58    −6.958 (10.348)
   Delayed Recognition Memory             6.337 (5.714)                                                0.47                 −12.993 (5.632)[\*](#tfn11-cia-14-123){ref-type="table-fn"}   −0.95    −22.280 (10.190)[\*](#tfn11-cia-14-123){ref-type="table-fn"}
   Stroop Congruent                       1.951 (4.801)                                                0.17                 −4.989 (4.683)                                                −0.44    −7.804 (8.598)
   Stroop Incongruent                     6.057 (8.201)                                                0.35                 −9.109 (8.138)                                                −0.52    −11.565 (15.800)
   Spatial Working Memory                 −5.381 (4.861)                                               −0.44                0.179 (4.739)                                                 0.01     −1.111 (7.076)
   Contextual Recognition Memory          3.411 (5.072)                                                0.27                 0.153 (4.953)                                                 0.01     −4.869 (8.622)
  APHAB without HA                                                                                                                                                                                 
   SQRT (Ease of Communication)           0.077 (0.480)                                                0.07                 0.065 (0.476)                                                 0.06     0.084 (0.900)
   Reverberation                          −0.951 (5.169)                                               −0.08                1.448 (5.075)                                                 0.12     6.527 (9.243)
   Background Noise                       2.957 (5.272)                                                0.23                 −0.780 (5.199)                                                --0.06   −1.495 (9.807)
   SQRT (Aversiveness)                    −0.472 (0.558)                                               −0.34                1.387 (0.547)[\*](#tfn11-cia-14-123){ref-type="table-fn"}     1.01     1.432 (0.987)
  Psychosocial measures                                                                                                                                                                            
   SQRT (depression)                      −0.469 (0.230)[\*](#tfn11-cia-14-123){ref-type="table-fn"}   −0.87                −0.090 (0.226)                                                −0.17    0.056 (0.403)
   Social interaction                     −1.489 (3.261)                                               −0.19                −1.762 (3.146)                                                −0.06    0.506 (5.238)

**Note:**

*P*\<0.05.

**Abbreviations:** APHAB, Abbreviated Profile of Hearing Aid Benefit; HA, hearing aid; SQRT, square root transformation; SUCCAB, Swinburne University Computerized Cognitive Assessment Battery; woHA, without hearing aids.
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![Structural equation model with *R*^2^ values and standardized path coefficients with significant (*P*\<0.05) paths in bold.](cia-14-123Fig1){#f1-cia-14-123}

![Experimental data and learning curves derived from speech tracking sessions for groups A and B.\
**Abbreviation:** HA, hearing aid.](cia-14-123Fig2){#f2-cia-14-123}

###### 

Pearson's correlations for baseline results without hearing aids

  Outcome measures                           Age (years)                                           Hearing loss (PTA)                                    SPT
  ------------------------------------------ ----------------------------------------------------- ----------------------------------------------------- -----------------------------------------------------
  Age (years)                                1.000                                                 0.278                                                 −0.443[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}
  Hearing loss (PTA)                         0.278                                                 1.000                                                 −0.695[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}
  SPT                                        −0.443[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}   −0.695[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}   1.000
  Cognition: Simple Reaction Time            −0.369[\*](#tfn1-cia-14-123){ref-type="table-fn"}     −0.301                                                0.338[\*](#tfn1-cia-14-123){ref-type="table-fn"}
  Cognition: Complex Reaction Time           −0.390[\*](#tfn1-cia-14-123){ref-type="table-fn"}     −0.114                                                0.223
  Cognition: Immediate Recognition Memory    −0.555[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}   −0.145                                                0.300
  Cognition: Delayed Recognition Memory      −0.500[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}   −0.040                                                0.279
  Cognition: Stroop Congruent                −0.400[\*](#tfn1-cia-14-123){ref-type="table-fn"}     −0.219                                                0.492[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}
  Cognition: Stroop Incongruent              −0.079                                                −0.323[\*](#tfn1-cia-14-123){ref-type="table-fn"}     0.265
  Cognition: Spatial Working Memory          −0.325[\*](#tfn1-cia-14-123){ref-type="table-fn"}     −0.153                                                0.393[\*](#tfn1-cia-14-123){ref-type="table-fn"}
  Cognition: Contextual Recognition Memory   −0.522[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}   −0.083                                                0.405[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}
  APHAB: SQRT EC                             0.129                                                 0.404[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}    −0.578[\*\*](#tfn2-cia-14-123){ref-type="table-fn"}
  APHAB: RV                                  0.122                                                 0.297                                                 −0.332[\*](#tfn1-cia-14-123){ref-type="table-fn"}
  APHAB: BN                                  −0.121                                                0.226                                                 −0.317[\*](#tfn1-cia-14-123){ref-type="table-fn"}
  APHAB: SQRT AV                             0.081                                                 −0.121                                                −0.170
  SQRT depression                            0.014                                                 0.057                                                 −0.019
  Social interaction                         −0.352[\*](#tfn1-cia-14-123){ref-type="table-fn"}     −0.095                                                0.238

**Notes:**

Correlation is significant at the 0.05 level (two-tailed).

Correlation is significant at the 0.01 level (two-tailed).

**Abbreviations:** APHAB, Abbreviated Profile of Hearing Aid Benefit; AV, Aversiveness of sound; BN, Background Noise; EC, Ease of Communication; PTA, pure tone average; RV, Reverberation of sound; SPT, speech perception test; SQRT, square root transformation.

###### 

Outcome of perceived hearing aid benefit

  Domain   Group A, n=19, mean (SD)   Group B, n=14, mean (SD)                                                         
  -------- -------------------------- -------------------------- ------- ------- -------------- -------------- ------- -------
  EC       27.2 (18.7)                17.0 (17.0)                2.809   0.012   18.4 (15.3)    12.8 (10.5)    1.298   0.217
  RV       36.0 (14.0)                29.3 (16.1)                2.614   0.017   30.3 (13.6)    20.0 (11.7)    3.187   0.007
  BN       36.6 (13.9)                24.7 (16.5)                2.926   0.009   31.3 (15.0)    26.1 (13.3)    2.062   0.060
  AV       36.4 (22.7)                48.1 (23.5)                2.275   0.035   14.3 (11.8)    37.2 (29.3)    3.357   0.005
  SPT\#    125.1 (15.7)               124.5 (17.2)               0.459   0.652   124.0 (16.7)   122.9 (17.8)   0.473   0.644
  SPT@     120.0 (18.4)               124.5 (17.2)               2.319   0.032   119.0 (18.6)   122.9 (17.8)   2.025   0.065

**Notes:** SPT\# = results with hearing aids only; SPT@ = without hearing aids before and with hearing aids after 3 months.

**Abbreviations:** AV, Aversiveness of sound; BN, Background Noise; EC, Ease of Communication; RV, Reverberation of sound; SPT, speech perception test.
